The very weak microwave spectra of six isotopically substituted species of formic acid in the eis rotamer form (i.e. with the two hydrogen atoms eis to each other) have been studied. From the data on HC 18 OOH, HCO^OH, H^COOH, HCOOD, DCOOH and DCOOD, together with the previously published data for HCOOH, the complete substitution structure of the eis rotamer of formic acid has been derived. The structure is: rs(C-H) = 1.105 (4) 
Numerous experimental studies [1] have shown the trans rotamer to be the predominant naturally occuring form, but, from ab initio calculations [1, 2] , a potential minimum is also expected at the eis configuration.
In a recent paper Hocking [3] reported the unequivocal identification of the eis rotamer of formic acid through assignment of its microwave spectrum. Although there had been several tentative assignments of a few infrared absorption bands to the eis rotamer [4, 5] , prior to Ref. [3] ci-s-HCOOH had not been positively identified.
In Ref. [3] the energy difference between the ground vibrational states of the two rotamers of formic acid was determined from measurements of the relative intensities of the microwave transitions. The eis rotamer was found to lie at higher energy than the trans rotamer by 1365 ± 30 cm -1 . Furthermore the electric dipole moment of cis-HCOOH in its vibrational ground state was determined to be 3.79 D, whereas for the trans rotamer 1.42 D had been found [6] .
In view of the importance of formic acid, both as the parent member of the carboxylic acid homologous series and as a test of theoretical models of intramolecular forces, it seemed to us worthwhile to determine accurately the structure of the eis rotamer. Furthermore, since formic acid is known to be present in interstellar clouds [7] , we felt it valuable to provide data that could be used for the identification of the eis rotamer of isotopically substituted formic acid in space. Accordingly we have measured and analysed the very weak microwave spectra of six isotopically substituted species of the eis rotamer of formic acid: HC 18 OOH, HC0 18 0H, H 13 COOH, HCOOD, DCOOH, and DCOOD. These data have allowed the determination of a complete substitution structure for ds-HCOOH. The differences between the structures of the two rotamers of formic acid are discussed in terms of non-bonded forces.
II. Experimental Procedures
Isotopically enriched samples of formic acid were obtained from commercial sources as follows: H 13 All measurements were made at room temperature with ~ 15 mTorr pressure of formic acid in the microwave cell. The spectra in the 12.4-50 GHz region were recorded with a Hewlett-Packard 8460AMRR spectrometer as described in Ref. [3] . The uncertainty in the measured transition frequencies is estimated to be less than ^ 50 kHz. A few lines were either too weak or over-lapped with other lines so that this accuracy in the measurement could not be achieved. These transitions were not used for the determination of the spectroscopic constants.
III. Rotational Spectra, Assignment and Analysis
The rotational spectra of the six isotopically labelled species of the cis rotamer of formic acid were assigned in the following way. Using the preliminary structure given in Ref. [3] the rotational constants of each isotopic species were calculated and the loi-Ooo transition was predicted (v = B C). A search of the spectrum of the appropriate sample then yielded this transition. Figure 1 shows the loi-Ooo line for the six species. Next, the J = 2 I a-type R branch transitions were searched for. In each case the K& -0 and both of the asymmetry-split Ka = 1 components were found. The above assignments were in most cases confirmed by the Stark effect of the microwave transitions. The third and most difficult step was to assign low J 6-type transitions. This required considerable searching and in some cases several alternative assignments were initially possible. The measured transition frequencies were used to calculate the rigid rotor rotational constants for each species. From the A, B and C constants based on the correct assignments and the quartic centrifugal distortion constants determined in Ref. [3] for the unsubstituted species the spectra could be predicted reasonably well up to J ~ 25. Additional a-type Q-branchand 6-type P-branch transitions were then assigned in a systematic fashion following the bootstrap procedure [8] . The fact that lines due to the cis rotamer are approximately twice as broad as those of the trans rotamer was of considerable help in the assignment process. Eventually, between 20 and 26 transitions belonging to the QR0, «Ri, «Qi, IQ2, «QS, r Po, r Pi, r P2, and 'P3 branches were assigned for each isotopic species. The observed transition frequencies are collected in Tables 1 to 6 . The spectra were analysed using Watson's reduced Hamiltonian given in Ref. [3] Eq. (1) which includes centrifugal distortion terms up to fourth power in the angular momenta. An iterative least squares procedure was used to fit the observed spectra to this Hamiltonian. A few transitions involving high values of J and Ka were omitted in the fitting procedures in order to avoid higher order effects. The spectroscopic constants thus obtained are given in Table 7 .
The constants reported in Tables 8 and 9 were derived from the spectroscopic constants (Table 7) . Table 8 gives Watson's determinable constants [9, 10] and Table 9 the constants obtained by applying the planarity constraints [10] .
IV. Molecular Structure
The Kivelson and Wilson [11] rotational constants in Table 9 were used for the determination of the molecular structure since they contain no centrifugal distortion contributions. The moments of inertia given in Table 10 were calculated from these The trans structure is that given by Kwei and Curl [12] . The numbering of the atoms is given by indices. -f y) ; where a, ß and y are the rotational constants defined by Kivelson and Wilson [11] . See also Refs. [9] and [10] . b A = Ic-Ia-husing the planarity condition Ic = Ia + Ib and Kraitchman's equations [14] for a planar molecule. The structure of £rans-HCOOH has been determined from the b-and c-moments of inertia [12, 13] . To facilitate comparison between the two rotamers, the derivation of the structure of cis-HCOOH based on the (Ib, Ic) set will be given here. From Kraitchman's equations the a-coordinate of Hi, am (see Fig. 2 for numbering of the atoms), was found to be imaginary, and the a-coordinate of C, ac, was found to be 0.0788 Ä, which is less than the minimum value (0.15 Ä) that Costain [15] has suggested can be reliably determined from Kraitchman's equations. Accordingly these two coordinates were determined as follows: am was fixed using the double substitution method of Krisher and Pierce [16] on the isotope pairs (DCOOH, HCOOH) and (DCOOD, HCOOD). The relations between the principal axis systems of HCOOD and HCOOH were calculated using the coordinates found from Kraitchman's equations with am set equal to zero. The coordinate ac was then determined using the center of mass condition (^nnai -0). The final i set of coordinates are given in Table 11 together with the coordinates determined in a similar way from (Ia, Ib) and (Ia, Ic)-
The errors quoted were mostly determined using the ,,Constain rule" [17] : drs = 0.0015/(rs • //), with rs being the substitution coordinate and // the change in mass on substitution. The values obtained from Kraitchman's equations for the coordinates of the hydrogen atoms, using the different sets of moment of intertia data, differ in some cases by more than twice the error limits given by this rule. Similar changes have been found in the case of glyoxylic acid [18] . Consequently the errors quoted for these coordinates, &m> and &h>> represent twice the error as calculated by the Costain rule. The error in am was estimated from the variation of the value of this coordinate as calculated from the three different sets of moments of inertia. Finally the error in ac was obtained by propagating the errors in the center of mass equation.
The structures calculated from the three sets of coordinates are also given in Table 11 . The (Ib, Ic) structure of cis-HCOOH is compared with the structure of trans-HCOOH [12] in Fig. 2 and Table 12 . There is at present less extensive data available for the 18 0 species of the trans rotamer than for the cis rotamer, which limits the accuracy of the structure quoted for the former. The most recent structure reported for Jraws-HCOOH [19] was obtained by fitting the structural parameters to the moments of inertia of all isotopic species and, therefore, cannot be strictly compared with the cis structure presented here. In any case, it is nearly identical to the structure given by Kwei and Curl [12] , A somewhat different substitution structure has been reported for Jraws-HCOOH [13] which appears to involve the use of questionable values, obtained from Kraitchman's equations, for several small coordinates [19] . Table 11 . Substitution coordinates and structures of cis-HCOOH as determined from three sets of moments of inertia a>b .
a All coordinates are measured in A units relative to the principal axis system of as-HCOOH. Internuclear distances are given in A units, angles in degrees. b Errors are given in parentheses in units of the last digit. The error limits for the coordinates were estimated using the "Costain rule"t 17] , except where otherwise indicated. The errors in the structural parameters were obtained by propagating the errors quoted for the coordinates. 
Y. Discussion
The structural parameters of the two rotamers of formic acid are not identical, as is shown in Figs. 2 and 3 . Similar changes have been found between the cis and trans rotamers of monothioformic acid [20] which is also shown in Figure 3 .
Although the changes in the structural parameters are in some cases within the error limits (Table 12) , we believe these changes to be significant. The most striking changes involve the three angles <£HIC02, <£C02H2 and <£0iC02 and may be attributed largely to repulsion between the hydrogen atoms in the cis rotamer. The shortening of the The dipole moment data on HCOOH are from Hocking [3] . The HCOSH data are from Hocking and Winnewisser [20] , [24] .
C=Oi and 02-H2 distances, the lengthening of the C-02 distance and. in part, the closing of the 0iC02 angle, on going from the trans to the cis rotamer, are consistent with the resonance from I being of greater (albeit small) importance than II, as was also found by ab initio calculations [21] . Resonance form I, but not II, may be stabilised through electrostatic attraction of H2 to the carbonyl oxygen atom Oi. Comparison of cis-HCOOH with other carboxylic acids is difficult, since a rotamer corresponding to the cis form of formic acid has been detected only in special cases, in which it has been stabilised through an intramolecular hydrogen bond, as in glyoxylic acid [18] (HCOCOOH). An interesting comparison is offered by formic anhydride [22] where the preferred conformation may be regarded as consisting of a cis and a trans half. The differences between these two nonequivalent HCOO groups are consistent with the changes found for formic acid, Table 12 .
In Ref. [3] the potential function of the OH torsional vibration was assumed to be of the form:
V(6) = iFi(l -cos 6) + |F2 (1 -cos 20) where 6 is the torsional angle, 0 = 0° in the trans rotamer and 0 = 180° in the cis rotamer. The (Gü 1 ) elements w r ere recalculated for the structures reported in Table 12 using Polo's method [23] . The values are (Gft^c = 0.7109 u • Ä 2 and (öt"t 1 )t = 0.6767 u • Ä 2 . Following the procedure in Ref. [3] the revised potential constants are calculated to be: Fi = 1399 cm-1 (16.7 kJ/mol, 4.0 kcal/mol), F2 = 4113 cm -1 (49.2 kJ/mol, 11.8 kcal/mol).
The barrier to internal rotation as seen from the bottom of the potential well of the trans rotamer is: Fmax -F(0) = 4842 cm-i (58.0 kJ/mol, 13.8 kcal/ mol). The torsional vibrational transition of cis-HCOOH is predicted to lie at 574 cm -1 and the v = 1 2 transition of the trans rotamer is predicted at 618 cm -1 .
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